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We describe a simple model for the temperature dependence of the exchange bias and related effects that
result from coupling a ferromagnetic thin film to a polycrystalline antiferromagnetic film. In this model, an
important source of temperature dependence comes from thermal instabilities of the antiferromagnetic state in
the antiferromagnetic grains, much as occurs in superparamagnetic grains. At low enough temperatures, the
antiferromagnetic state in each grain is stable as the ferromagnetic magnetization is rotated and the model
predicts the unidirectional anisotropy that gives rise to the observed exchange-bias loop shift. At higher
temperatures, the antiferromagnetic state remains stable on short time scales, but on longer time scales,
becomes unstable due to thermal excitations over energy barriers. For these temperatures, the model predicts
the high field rotational hysteresis found in rotational torque experiments and the isotropic field shift found in
ferromagnetic resonance measuremdr86163-182@09)01842-1

[. INTRODUCTION Ferromagnetic resonance experimé&hisn biased films
relative to unbiased films show an isotropic shift of the reso-

The response of a ferromagnetic thin film to applied fieldsnance field superimposed on orientation-dependent shifts
can be changed by coupling it directly to an antiferromagnetfrom other anisotropies. This shift can be modeled as coming
The most well-known change is a shift of the hysteresisfrom a rotatable anisotropy;?° an anisotropy that has a
loop! often called exchange bias. This loop shift is of inter-minimum that “follows” the steady state magnetization di-
est in magnetic devices, because the coupling effectivelyection.
“pins” the soft magnetic layers in the low fields used in  The unidirectional anisotropy, the high field rotational
devices’ Because these devices may be required to operateysteresis, and the isotropic ferromagnetic resonance field
at temperatures on the order of 100 °C above room temperahift can be explained in a single model which accounts for
ture or greater, the temperature dependence of exchange bihe thermal stability of the antiferromagnetic state on differ-
systems is quite important. ent time scales. This behavior is closely related to superpara-

The coupling between the antiferromagnet and the ferromagnetism. A superparamagnetic particle is in a well defined
magnet leads to many other changes in the properties of estate when probed on short enough times scales, but not
change bias systems, which have been reviewed in Ref. 3vhen probed on long enough time scales. The crossover be-
Rotational torqué;’ ferromagnetic resonande** Brillouin tween the two regimes depends strongly on temperature be-
light scattering?®>!® ac susceptibilityY and anisotropic cause the instability of the state arises from thermal transi-
magnetoresistantehave been used to measure the anisottions over some energy barrier. In our model, an analogous
ropy of these systems. They all show the unidirectional andependence on temperature and time scale exists in the finite
isotropy that gives rise to the hysteresis loop shift, but als@nd independent grains of the antiferromagnet.
show effects indicative of hysteretic processes as the ferro- For example, the apparently oxymoronic concept of a ro-
magnetic magnetization is rotated. Many of these measuredatable anisotropy is explained by the difference in behavior
ments are done in fields large enough to saturate the ferrmn different time scales. While the state of a part of the
magnetic magnetization, indicating that the hystereticsystem may be stable on one time scale it may be unstable on
processes must be occurring in the antiferromagnet. Howa longer time scale. When we say that the state of a part of an
ever, different techniques measure different aspects of thesmtiferromagnetic grain is stable on some time scale, we
hysteretic processes. mean that the sublattice magnetization direction is constant.

In rotational torque measurements, the torque on a sampRotatable anisotropy is explained by the state of some of the
is measured as the sample is rotated in a magnetic field. lantiferromagnetic grains being stable on the time scale of the
unbiased films, if the field is large enough to saturate thenicrowave excitation, on the order of 19to 10 1° sec, but
sample moment, then the magnetization follows the field rebeing unstable on the time scale of measuring the ferromag-
versibly. In this case, the torque integrates to zero when thaetic resonance signal at different field directions, on the
sample is rotated through 360°. However, in exchange biasrder of 1 to 18 sec. As the ferromagnetic magnetization
systems, the torque does not integrate to zero, even in veirection is rotated between different measurements, these
large applied field4-8 This behavior indicates that parts of grains that are unstable on the long time scale change states.
the system are behaving irreversibly. When these parts of thEhese new states have energy minima that tend to be closer
system change configuration as the field is rotated, work iso the new magnetization direction than they would be in the
done and dissipated in the system. The high field rotationaabsence of instability>'* This change in the directions of
hysteresis is then the total work done on rotation of the magthe minima associated with individual grains gives rise to the
netization through 360°. rotatable anisotropy Thus, the isotropic field shift of the

PRB 60 12950



PRB 60 TEMPERATURE DEPENDENCE OF EXCHANGE BIAS IN . .. 12951

ferromagnetic resonance is (jzeterm[ned by t?e grains thalyse where the ferromagnetic magnetizatibp, is rotated
change their state on the 1 to’l€ec time scalé: in the interface plane, none of the unit vectors in B, are

One difficulty with models for exchange-biased systemsggyricted to lying in that plane. We choose to assign the

's that there are enough unknown properties to make it POS ntiferromagnetic magnetization directiom(0) to the di-
sible to fit almost any model to any particular experimental” . 9 g o ’ .
result. To address this difficulty, it is important for models to rection (.)f the sublattice magnetization for the sublaitice that

predict the behavior of enough measurements, with as mudh

variation as possible that the adjustable parameters be ovig-e ferrpmagnet, there are o degenerate ground states in
constrained rather than underconstrained. In a previou € ant!ferr.omagne'f. One ground statg has one sublattice
paper’* we developed a model to describe both the unidirecin@gnetization along and the other has it alongu. These
tional anisotropy and the hysteretic processes in polycrystafv0 ground states give two configurations that are local en-
line exchange-bias systems. In this paper, we try to wide@rdy minima;” one for each ground state of the uncoupled
the predictions of our model by using it to predict the tem-antiferromagnet

perature dependence of the unidirectional anisotropy that

leads to the loop shift, the isotropic field shift found in fer- E(*)
romagnetic resonance, and the high field rotational hysteresis 2
found in rotational torque experiments.

NaZo

(1-[1+2rMpy- (ZW)+r2]Y3), (2

wherer =2J,./ca?, is the ratio of the direct coupling en-
ergy to half a domain wall energy. The minimum energy

configurations haven(0) lying in the plane defined by and

Our model for a polycrystalline exchange bias systemVigy,.
consists of a ferromagnetic film coupled to independent an- In our model, the distributions of the characteristics of the
tiferromagnetic graind!?2 The ferromagnetic magnetization antiferromagnetic grains are random. We assume that the
is assumed to be both saturated by and rotated by an exterrdibktribution of easy axis orientations is isotropic, not only in
field. The antiferromagnetic grains are coupled to the ferrothe plane, but in all three dimensions, and that the distribu-
magnet by the direct exchange coupling between the interfaions of the number of spins at the interface from each anti-
cial spins of the ferromagnet and the interfacial spins of thderromagnetic sublattice is statistical. The latter assumption
antiferromagnetic grains. The coupling is frustrated to a largéeads to a distribution of effective interfacial coupling ener-
degree because, due to disorder at the interface, both sublgfies,NJ,.= Jin] (N;—N,)|, whereN; andN, are the num-
tices of the antiferromagnet are present at the interface dfer of spins from each of the two sublattices exposed at the
each grairf> Statistical variations in the fraction occupied by interface of that grain, wherg,, is the interfacial exchange
each sublattice lead to a net couplffg® coupling strength for each spin pair. The absolute value

In a previous papét; we included spin flop coupliffat  comes from choosing the dominant sublattice for each grain
the interface. While simple estimates suggest that spin-flops the reference sublattice for that grain. The assumptions,
coupling is strong in such systerffsand there is strong evi- thatN is large, and thaN,; and N, are statistically distrib-
dence for it in some system§,t does not lead to a unidi- uted, lead to a distribution of coupling strength ratios
rectional anisotropg>2¢ In fact, spin-flop coupling reduces

Il. MODEL

the unidirectional anisotropy that is due to coupling to the 2 r2

net moment of the antiferromagnet. We believe that the ®(rro)=—_—¢ P(——> 3

simple estimates of the importance of spin-flop coupling are 7o

not correct for the systems that have been investigated byhere the mean value is

ferromagnetic resonance and rotational torque and we do not

include it in the present calculations. For a more complete 23. 2

description of the interfacial coupling, see Ref. 21. ro= ";\/ (4)
oa 7TN

As the ferromagnetic magnetization directils?h:M iS ro-

tated, the magnetization direction near the interfa¢e) in In real samples, the grain si2¢ will also be distributed in
each antiferromagnetic grain adjusts itself to minimize thesome way. For clarity, we compute the behavior for different
combination of the exchange energy at the interface and thgrain sizes rather than averaging over a distribution.

partial domain wall enerdy?°in the antiferromagnet due to We consider exchange bias systems in which the Curie

its deviation from its easy axis directian temperature of the ferromagnet is much greater than tleé Ne
temperature of the antiferromagnet, which is usually, but not
a%o always®' the case. Thus, we assume that the properties of the

Eine= — NJpeMgy- m(0) +

5 [1=-m(0)-(xw], (1)  ferromagnet are temperature independent. Also, since the
proximity of the ferromagnet is likely to induce a moment in
whereN is the number of spins at the interface of that grain,the antiferromagnet close to the interface, we assume that the
a® is the area of the interface per spih is the effective coupling at the interface is also temperature independent. We
interfacial coupling per spin for that grain, andis the do- include two contributions to the temperature dependence.
main wall energy per unit area in the antiferromagnet, whichThe first source of temperature dependence that we include
we assume has uniaxial anisotropy. The ferromagnetic magn the model is the domain wall energy in the antiferromag-
netization is assumed to be saturated, so there is no partinet. We assume that=oo(1—T/Ty)%®, whereTy is the
domain wall in the ferromagné?. While we will treat the  Neel temperature, based are JA,K o7, and the approxi-
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mations that the antiferromagnetic momentgoc(Ty LOF \ 100.0
—T)¥3 the anisotropy constant{->ms; for uniaxial 3 '
anisotropy®? and the exchange stiffness constango miF '
as indicated approximately by analogy to spin-wave disper- P(ls) ' ;
sions in some ferromagnet$This approximation is crude, F s | 15
but gives a simple form for the temperature dependence such - : ;
that domain walls become easy to create as thel an- 00f % : I
perature is approached. 0 n m
The second source of temperature dependence in our ¢
model is analogous to superparamagnetism small ferro- FIG. 1. Probability for the order of an antiferromagnetic grain to
magnetic particles. We assume that for certain temperaturegmain in a particular state far=1s as a function of angle as the
thermal fluctuations can lead to switching of the antiferro-magnetic field is rotated arourfd,0,1. The different curves are for
magnetic state in the graiRéTwo differences between our different values oNa”a/kgT, 100.0(heavy solid ling, 50.0(solid
model and the standard models for superparamagnetism alf@e), 25.0(dashed ling and 12.5(dotted ling. For this grain, the
(1) we consider antiferromagnetic grains, which only coupleratior=1.0, and the easy axis is in tti@.9, 0.0, 0.44direction.
weakly to external magnetic fieldsve assume no coupling
and (2) we assume that the columnar grains are longer thamore realistic model. The energy scale is set by the domain
domain walls in the antiferromagnet. This means that thevall energy in the antiferromagnet, which is appropriate for
mechanism for switching the state of the grains is domairgrains larger than a domain wall length. Also, the barrier is
wall nucleation and motion, rather than coherent rotationhigher for states which have more favorable coupling to the
This assumption is clearly only appropriate for grains largefferromagnet.
than a certain size. For smaller grains, a coherent rotation At a temperatureT, the probability of remaining in an

model could be usetf. initial state for a period of time is
We assume that the antiferromagnetic order on short time
scales sets in at the bulk Bletemperature, but that it can be P(t)=exd — vt exp(—AE/kgT)]. (6)

thermally switched in the finite-sized grains on some longer
time scale. In this paper, we assume that this switching i§or vt=10" sec 1x 1 sec and several values KB2a/kgT,
slow compared to the inverse of the ferromagnetic resonandhis probability is shown in Fig. 1 as a function of the in-
frequencies and depending on the temperature, the switchingane rotation angle of the magnetizatiaf, For most pa-
is either fast or slow compared to measurement times. Farameter choices, the probability is close to one for a range of
small enough grains, there may be a temperature range @ngles and then makes a rapid transition to close to zero for
which the switching is even fast on the time scale of ferro-other angles. These rapid transitions suggest the further ap-
magnetic resonance. In this case, which we have not treatedroximation that this probability be chosen to be either zero
we expect the switching to contribute to an increase in ther one with the border between the two regimes given by
resonance linewidth.
There is a great deal of evidence for relaxation on labo- AE/kgT=log vt~20. (7)
ratory time scales in exchange-bias systems. Early measure-
ments showed a training effetin which the hysteresis loop Thus, if AE>20kgT, the grain is assumed to be stable in the
changes as it is cycled repeatedly. More receninitial state, and ifAE<20kgT it is unstable. If the barrier
measurements show that if the sample is held with the fer- from the other state,[2a’c— AE<20kgT as well, then the
romagnetic magnetization in the hard direction of the unidi-grain is unstable in both states.
rectional anisotropy, the size of the bias decreases with a Approximating the state of each grain as either stable or
time scale on the order of hours. Furthermore, as the temunstable is closely related to the critical angle description of
perature is increased, the time constant decreases. instability described in Ref. 21. That paper described zero
To determine the thermal switching rate, we make atemperature instability due to the barrier going to zero when
simple model for the barrier between the two states describea partial domain wall is wound up past a certain angle in the
by Eq.(2). This model is based on a picture in which switch- antiferromagnet. The instability at the critical angle leads to
ing nucleates at the interface and proceeds by propagation efvitching behavior similar to that described here. In this pa-
a domain wall out the other end of the antiferromagneticper, there are several differences. Here, the model chosen for
grain. In this picture the “barrier state” consists of the final the barrier is always non-negative, so there is essentially no
state plus a domain wall far from the interface. The energy ofnstability at T=0. In addition, the model used here allows
this state is an estimate of the true barrier energy. Thusdnstability in both states. This means that on the time scale of
starting from the ¢) state, the barrier to the~() state is the measurement~1 sec, some grains flip between both
states, occupying both with appropriate thermal probabilities.
‘7([1+2r,\7|FM, (+r2]Y2 Other models for the barrier can be treated in a straight-
forward extension of the results presented in this paper. The
5) difficulty is determining sensible models. In some systems
there will be grains with energy barriers that go to zero for
A more realistic model for the barrier would require a very some directions of the magnetization, as described in our
detailed simulation of the switching of a grain. The simpleprevious papef’ In this case, the effect of instabilities de-
model we have chosen has several features we expect ofsaribed below will persist down td6=0 K. In the model of

a2
2

—[1-2rMey- U+r2]¥3) + Nao.

AE=
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Qlo[ T absence of switching. This leads to an anisotropy that “fol-
lows” the magnetization, a rotatable anisotropy. In addition,
a finite energy is dissipated when the state of the grain
switches. This energy dissipation makes a contribution to the
high field rotational hysteresis equal to the difference in en-
ergy between the two states when one state becomes un-
stable.

At higher temperatures, the magnetization angles at which
the states become unstable approach each other and eventu-
ally cross. Now, the grain goes through regions of partial
stability and regions of instability. At this point, no energy is
dissipated as the magnetization is rotated. In regions of in-
stability, the two states are in thermal equilibrium. In regions
of partial stability, only one state is stable. Therefore, the
energy of the system is a single-valued function of the mag-
netization direction, so the magnetization is rotated revers-
ibly, and there is no contribution to the high field rotational
hysteresis. There is still a contribution to the rotatable anisot-

function of magnetic field angle and the ratio of temperature torOpy’ becal“.lse the State .that is lower in energy hag a_greater
domain wall energy. At each angle there are two configurations fo;hermal weight. At Si“" hlghe'r temperature, f[he gra!n IS un-
the antiferromagnetic order. At low temperature, the order is stabl table for all magnetlzatlon directions, but still contributes to
in both states(stablg, at high temperature in neither stafen- the rotatable an'SOtrOPY' .
stablg, and at intermediate temperatures stable in one state or the AS the temperature increases further, the domain wall en-
other depending on field anglpartially stable. Bars to the right of €0y decreases and goes to zero at thelNemperature.
the plot show the temperature ranges over which this grain contrib] hus, the value okgT/Na’c, they axis in Fig. 2, increases
utes to different processes. The parameters for this grain are tH@ster than linearly with temperature.
same as in Fig. 1. Starting from high temperature and going to low tempera-
tures, the behavior described above can be understood in
tgrms of kinetic barriers to establishing equilibrium. At high
temperatures, but still below the Bletemperature, each an-
éiferromagnetic grain is in a well-defined state on short times
cales, but on longer time scales, there is thermal equilibrium
etween the two possible states. As the temperature is low-
ered, the kinetic barrier between the two states increases, and
it will remain in either state on the time scale of the mea-the time it takes to establish equilibrium increases. Eventu-

surement. An unstable grain has small enough barriers frorﬁ”yi this t:jmtehbecor_nei comparabtlebtlo thetrr:]eaiu:emtent time
both states that the state will flip from one state to the otheptd'€ an € grain becomes stable in the state it was in
on a time scale fast compared to the measurement time. When the equilibration time became greater than the mea-

. o : surement time.
partially stable grain will stay in one state, but not the other. o e .
For a particular grain, the different regions of this behavior The contributions to the unidirectional anisotropy and the
are illustrated in Fig. 2. rotatable anisotropy are determined from the curvature of the

At low enough temperatures, the grain is stable in eithef"€Y surface as a function of the angle of the

i atind4.21 ; : _
state for all magnetization angles. If the antiferromagnetidﬂagnet'zat'?ﬁ' We t(_:ontsldgr a; iag]plﬁ.w't?.a ste?jdy state
order is set in the presence of a particular magnetizatioﬁ?"omagne Ic magnetization in I ’.’O irection and con-
direction, this grain will contribute to the unidirectional an- sider small deviations around that direction. The curvature of

isotropy that gives rise to the loop shift. the energy with respect to these deviations then determines

At intermediate temperatures, the grain goes though reihe effective anisotropies induced in the ferromagnet by the

gions of stability and regions of partial stability as the mag-CO.Upl.'ng to the annferrqmagnet. qu a gramn with an easy
netization is rotated. Both states of the grain become un@XIS N the dlr_ectlpn (sid, cosdh S|m_9u S'M’U’ 905‘9“)’
stable for particular field directions. As the magnetization isand a magnetization near td.0,0 direction given by
rotated, the grain will reach the point of instability and the (COS€COSd, sinesing, sine), where e and & are the small
angles associated with the microwave excitation, the angle

state of the grain will switch. Since the grain “forgets” its h o d th is is d ined
initial state when it switches, it ceases to contribute to the?€Ween the magnetization and the easy axis Is determine

unidirectional anisotropy, but instead contributes to the rotat= y
able anisotropy. For angles where the grain is stable, it con-
tributes an anisotropy that has a minimum in one direction.
When it switches between states, it favors one of tempo- 24+ 52

site) directions depending on the direction of the magnetiza- - Tsin 0,C0Sg,,. (8

tion and its history. Since the state switches to a state that is

lower in energy, the grain, on average, has an energy minithis quantity enters the energy, E@). To determine the
mum closer to the direction of the magnetization than in theappropriate curvatures, differentiate the energy, weight the

Unstable

kT
Na’o

Rotatable Anisotropy

: Partially :
0.05} Stable .

Stable

I Rotational Hysteresis

Unidirectional
anisotropy

0.00 [ 11 1 1 I 11 1 1 I A1 1 I 11 1 1
0 T 2r
0

FIG. 2. Stability of order in an antiferromagnetic grain as a

the present paper, where essentially all energy barriers a
finite, all grains become stable at=0 K.

In the approximation used in this paper, we classify grain
as either stable, partially stable, or unstable as a function
temperature and applied field direction. A stable grain ha:
large enough barriers from both the { and (—) states that

M gy U=~ Sin 6, cos¢,+ 8 sin 6, Sin ¢, + € cOSH,
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two minima by their occupation probability, and take the 0.25¢ ' '
limit that 6 and e go to zero. 020k E
We assume that the occupation probability of a state is i ]
independent ofe and 6 because the microwave excitation 6., 0.15F =
occurs on a time scale fast compared to changes in occupa- G—ex E ]
tion. Then, the second derivative of the free energy with 0 010p E
respect toe is 0.05 F 3
2 2 (+ 2(— [ ) ]

d_lz =p() d’E) +p) P*EC) , 9) 0'0(()). 0.5 1.0

de de? de? T/TN

whereP(*) is the probability of being in the respective state.  FIG. 3. Unidirectional anisotropy as a function of temperature
Similar forms hold for the second derivative with respect toassuming all grains are stable. The various curves are labeled by
& and the cross term. If one state of the grain is stable, thdifferent values of the dimensionless parametgfsee Eq.(4)].
probability of being in a state is either zero or one. If both

states are unstable, the probabilities are given by the thermal The parameter is one of the two dimensionless param-

occupation probabilities eters that characterize the model. It is the ratio of the average
interfacial coupling to the domain wall energy at zero tem-

e BEX perature. As seen in Fig. 3, it determines the saturation of the

P (10 bias at low temperatures. Once the domain wall energy be-

T o BEC) g pEC)” S ; . :
e e comes greater than typical interfacial coupling energies, the

bias saturates. If the zero temperature wall energy is lower
éhan the interfacial coupling energy, the unidirectional an-
Isotropy will continue to increase as the temperature is low-

where we haved=1/kgT.
From the energy surface curvatures and the work don
when switching, we compute the unidirectional anisotropy,

: Ok fi ; d.
the rotatable anisotropy, and the high field rotational hyster-ere . S .
esis by averaging over the assumed distributions of graip When thermal instability in the grains, as modeled by the

orientations and interfacial net moments. As a function 01b_arr|ers in Eq(5), is included in the model, the other dimen-

temperature, we first determine the domain wall energy ir0NI€SS parameter of importance is
the antiferromagnet. From that we determine the distribution
of the ratio between the interfacial coupling and the domain
wall energy. Then we numerically integrate over the distri- KTy
butions to determine the quantities of interest. The averaged
curvatures are related to the the appropriate anisotropies b
computing the size of the anisotropy that gives the sam
curvature.

Na20'0
= (13

is parameter is the ratio of the domain wall enefdmes

e area of the gra)jndivided by the thermal energy at the
Neel temperature. When this ratio is large, the different
states of the grain become stable very quickly as the tem-
perature is lowered below the Bletemperature. Wheh is

. RESULTS small, the grain does not contribute to the unidirectional an-

If we assume that all of the grains are stable, i.e., there ar§0tropy until significantly below the Net temperature. As
no thermally induced changes in configuration, then the roS€en in Fig. 4, this parameter largely determines the reduc-
tatable anisotropy and the high field rotational hysteresis arion of the blocking temperature compared to theeNem-
both zero. The temperature dependence of the unidirectionRerature. In this model, this reduction comes about from the
anisotropy o, comes from the temperature dependence oftnalogy of the bghawor o_f the antiferromagnetic grains to
the domain wall energy. Its value is found by integrating theSUPerparamagnetism. Grains smaller than a certain size are
contribution for a particular value of the parametegiven thermally unstable until below the blocking temperature.

in Ref. 21, over the distribution of value, given in Eq. In addition to the reduction of the blocking temperature as
(3) the parameteb decreases, and the saturation of the unidirec-

tional anisotropy as, decreases, Fig. 4 shows several other
5/6 (o T.—T\ 56 interesting features. First, the rotatable anisotropy becomes
f drd)(r,ro(_r—) )Fl(r), (11)  nonzero at the Nal temperature, above the blocking tem-

N perature. All grains contribute to the rotatable anisotropy. As
the temperature decreases, the rotatable anisotropy increases
with the increasing domain wall energy until the blocking

r r2 temperature. Then, as grains become stable they start con-
(1— —) r<i tributing to the unidirectional anisotropy and not to the ro-
5 (12) tatable anisotropy. The rotatable anisotropy decreases. In this
1 1 model, in which all the energy barriers are non-negative, all
5( 1- W) r>1, grains are stable at=0, and the rotatable anisotropy goes
to zero.
andr defined in Eq(4). The behavior is illustrated in Fig. 3 Only grains that are partially stable contribute to the high
for several values of the ratio of,. field rotational hysteresis. Thus, this quantity is also zero

_O-O TN_T
20 Ty

Oex
0

where we have

Fi(r)=
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b=30 b= 100 b= 300 tion of domain walls that are perpendicular to the sample and

i VAR C move in the sample plane. At high temperatures, these do-
main walls can be mobile on long time scales and fixed on
short time scales. As the temperature decreases, the pinning
of the domain walls becomes more important and the domain
walls only move on much longer time scales. The motion
and thermal pinning and unpinning of domain walls perpen-
dicular to the interface are more complicated than the model
we have treated for the motion of domain walls in indepen-
dent grains. However, in both cases there are regions of the
antiferromagnet that are unstable due to domain wall motion
through those regions. This similarity may account for the
general agreement found in experimental studies of these
systems.

/AT

IV. SUMMARY

In this paper, we describe a model for the temperature
dependence of polycrystalline exchange-bias systems. The
predictions of this model should prove useful when measure-
ments of the temperature dependence of several properties of

FIG. 4. The temperature dependence of the unidirectional anghe same samples become available. The temperature depen-
isotropy (solid I!nes), rota_table anisotropydashed lines and rof[a- dence comes from that of the domain wall energy in the
tional hysteresiqdotted lineg, each an energy per are&/@) in antiferromagnetic grains and from thermally activated
uplts of the domain wall energy for various values of the dimen- switching of the antiferromagnetic grains. These latter pro-
sionless parameters, andb [see Eqs(4) and (13)] cesses are analogous to superparamagnetism in small ferro-

magnetic particles. Assuming a isotropic distribution of easy
above the blocking temperature. It increases as the temperaxis directions, and a statistical distribution of the net mo-
ture is lowered because the increasing stability of the grainment at the interface of the grains, we compute the unidirec-
allows them to be wound up further in the energetically un-tional anisotropy that gives rise to the loop shift, a rotatable
favored state. More energy is dissipated when the graimnisotropy that gives rise to an isotropic shift of the reso-
switches state. Eventually, the grains become stable, and timance field, and a rotational hysteresis measured in torque
high field rotational hysteresis goes to zerorat0. experiments in high field.

The temperature dependence of the unidirectional anisot- The thermal activation of the switching causes there to be
ropy shown in Fig. 4 for various parameters spans the ranga blocking temperature that is below the élléemperature.
of what is seen experimentally. While a set of parameters caAbove this temperature, the antiferromagnetic order in the
be chosen to agree with any particular experiment, especiallgrains is not stable and no unidirectional anisotropy devel-
if a distribution of grain sizes is assumed, such agreement isps. On the time scale of the resonance frequency in ferro-
not very satisfactory. However, the predictions of the tem-magnetic resonance measurements, the order is stable. Thus
perature dependence of the high field rotational hysteresithe coupling to the antiferromagnetic grains gives rise to an
and the rotatable anisotropy should constrain the model sigeffective anisotropy for the ferromagnet that rotates as the
nificantly when these results become available and lead to f#erromagnetic magnetization is rotated on a measurement
much more satisfactory test of the model. time scale of order 1 sec. Below the blocking temperature,

A distribution of grain sizes and hence blocking tempera-the antiferromagnetic order first becomes stable in one con-
tures can explain the “memory” effects found in some figuration, but not the other. For these grains, the antiferro-
systems? If there is a distribution of blocking temperatures, magnetic order is no longer a single valued function of the
each grain will start to contribute to the unidirectional anisot-ferromagnetic magnetization directions, but depends on its
ropy at a different temperature. If the ferromagnetic magnehistory. The energy dissipated gives rise to the high field
tization is changed as the sample is cooled, different graineotational hysteresis. At lower temperatures, the antiferro-
will contribute to unidirectional anisotropies in different di- magnetic order becomes stable, and the grains contribute to
rections. It would be interesting to measure the rotatable arthe unidirectional anisotropy and not the rotatable anisotropy
isotropy or the high field rotational hysteresis on theseor the high field rotational hysteresis.
samples to see if they are consistent with a distribution of The saturation of the unidirectional anisotropy at low tem-
blocking temperatures. If there are blocking temperatureperatures is determined by the ratio of the average interfacial
very close to zero temperature, the rotatable anisotropgoupling energy to the zero temperature domain wall energy.
should persist to zero temperature. If the domain wall energy is the smaller of the two, it deter-

One point that deserves to be discussed is the generalines the size of the unidirectional anisotropy. If the inter-
agreement between experimental results on polycrystallinfacial coupling energy is the smaller of the two, it determines
and single crystal samples, and what aspects of this modéhe unidirectional anisotropy, which saturates at low tem-
might apply to single crystal samples. In some single crystaperature due to the assumed temperature independence of the
sampleg/*’there is evidence for the importance of the mo-interfacial coupling at low temperatures.
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